Objective: This longitudinal study aimed to investigate if the plaque fluoride (PF) concentration can predict the early childhood caries onset. Design: As part of a larger study, 188 preschoolers were clinically evaluated for early childhood caries diagnosis, at baseline and after 1-year follow-up. After that, the final sample comprised: 1. children who had already caries at baseline (decayed, missing or filled surfaces, as well as white chalky white spot lesions adjacent to gingival margins) and developed at least one more cavitation after one year (n=16), and 2. children who never had or developed any caries lesions, including active white spots lesions (n=15). Before the clinical examinations, dental plaque was collected. PF concentration was determined with an ion-specific electrode. A chart was used to estimate the mean daily sugar exposure. The results were statistically analyzed by Spearman correlation and logistic regression analyses (α=0.05). Results: After one year, a positive significant correlation between caries development and liquid sucrose, total sugar and total sucrose consumption increments was found (p<0.05). Moreover, the solid sugar, solid sucrose and total sugar exposure at baseline were positively correlated with the presence of dental plaque at follow-up (p<0.05). To top it all, children with PF concentrations ≤0.1 μg/mg at baseline were 10 times more likely to develop caries. Conclusion: In conclusion, this study demonstrated for the first time in vivo that low PF concentration is a predictor of caries development in primary teeth.
Introduction
In the past decades, dental caries has declined and is restricted to some segments of the population. 15 However, early childhood caries (ECC), which affects children under 6 years of age, continues to be highly prevalent, especially in developing countries. 21, [29] [30] [31] The development of carious lesions reflects a prolonged imbalance between episodes of de-and remineralization with progressive net tooth mineral loss, which could lead to tooth-surface cavitation. 13, 26, 27 This dynamic bacteriamediated de-and remineralization relationship reflects the consumption frequency of cariogenic substrates, such as sugars, which are the main substrate for acid lactic production. 33 Even when the plaque/plaque fluid pH is under the critical value for hydroxyapatite, but not lower than pH 4.5, a certain amount of calcium and phosphate can be recovered by enamel/dentin as fluorapatite. Thus, in the following situation: 4.5<pH<5.5, hydroxyapatite dissolves from the subsurface and fluorapatite/fluorhydroxyapatite forms in the surface layer. 2, 4 The availability and maintenance of F constant in the oral cavity is crucial for caries control, 8, 25 as higher amounts of plaque F decrease dental hard tissues solubility following a logarithmic pattern. 2, 5 Consequently, a low F concentration in the dental plaque would be a predisposing factor for ECC, and exactly how much F in the dental plaque might be capable to predict caries development in young children has never been explored before. This finding could influence the appropriate decision-making regarding preventive measures to control the disease, as well as its unpleasant consequences.
Furthermore, not many in vivo studies 1, 16, 17 have been conducted focusing on F and dental caries in primary teeth, especially considering a follow-up research. Longitudinal investigations are important because they consider the response of the child to certain factors during the disease process.
Thus, this study aimed to assess if the plaque fluoride (PF) concentration can predict the early childhood caries.
Materials and Methods Ethical Considerations
This longitudinal study was formally approved by the Ethical Committee in Research of Piracicaba Dental School -University of Campinas, Brazil (Protocol 017/ 2008) and was conducted in full accordance with the World Medical Association Declaration of Helsinki. The parents of the children granted written informed consent for the study and the authors have anonymized them, without identifying them in any way. The preschools and nurseries also granted permission. In addition, all mandatory clinical/laboratory health and safety procedures have been complied within the course of conducting any work reported in the present paper.
Sample
The sample size calculation (α=5%; β=90%) was based on a previous study 17 using a similar methodology, which found 56% of difference in the fluoride concentration in dental plaque when caries free and pit and fissure caries children were compared. The calculated sample size was of 11 children per group; however, as this was a longitudinal study, we decided to include at least 15 children per group.
As part of a larger study, 188 preschoolers were clinically evaluated for early childhood caries diagnosis, at baseline and after 1-year follow-up. 19, 20 Preschoolers in good general health, 3-4 years old at baseline, were selected to take part in the study. The exclusion criteria included children with syndromes, having enamel hypoplastic lesions, taking medications for chronic disease, and children who were subjected to topical fluoride application, in the two-month period before plaque collection. Then, two groups of children were formed: 1. the caries group (CA, n=16, 8 girls and 8 boys), in which children had already caries at baseline (decayed, missing or filled surfaces, as well as white chalky white spot lesions adjacent to gingival margins) and developed at least one more cavitation or filling after one year. It should be emphasized that new fillings were considered only when a new carious lesion was developed and filled during the one year follow-up period; and 2. the no caries development group (NC, n=15, 10 girls and 5 boys), in which the children never had or developed any caries lesions, including active white spots lesions.
The children were from both genders, all of low socioeconomic backgrounds, and were attending public preschools in the urban area of Itatiba, in the state of São Paulo, Brazil. They stayed a minimum of 4 hrs per day at the preschools, having their main meals there, as well as having their teeth brushed at least once a day with 1100 ppm fluoridated dentifrice (provided by the Secretary of Health of the city of Itatiba in the period that the research was developed). The urban area of Itatiba has been fluoridated since 1980. Heterocontrol of the fluoridation process revealed that the concentration of F in the tap water was 0.5-0.8 ppm during the study.
Clinically Visible Dental Plaque Recording
The presence or absence of clinically visible plaque on the maxillary incisors was recorded under artificial light with the child lying on a table. After that, the children had their teeth cleaned for the clinical examinations. 22 
Clinical Examination
Dental examinations of each child were performed at baseline and after one year. After receiving instructions regarding the caries diagnosis criteria, one pedodontist was calibrated by re-examination of 12 children with a oneweek interval period. The baseline Kappa value at the surface level was of 0.78, and the follow-up Kappa value at the surface level was of 0.82. The pedodontist conducted all the examinations following rigorous crossinfection control measures. The examinations were performed at the preschools with the child lying on a table and the examiner sitting behind the child. A focusable flashlight, a ball-ended dental probe, a mouth mirror and gauze for cleaning and drying the teeth were used. The criteria from the World Health Organization were used for ECC diagnosis with an additional measurement of active white spot lesions/early caries lesions (ECL) 20, 21, 34 to assure that caries free children did not have active noncavitated caries lesions, leading to a misclassification. The units of evaluation were decayed, missing and filled surfaces, as well as the white chalky spot lesions close to the gingival tissue.
Dental Plaque Collection and Fluoride Assay
Pooled supragingival plaque samples were collected at baseline and after one year from smooth surfaces (buccal and palatine) from all primary teeth, except from the interiors of the cavities, at least one hour after food intake and tooth brushing in the afternoon period. A wooden stick was employed for the plaque collection, which was placed into a microcentrifuge tube. The tubes were then transported in refrigerated boxes (4°C) to the Pediatric Dentistry Laboratory at Piracicaba Dental School, where they were frozen (-20°C) until the analysis. Dental plaque was dried for 24 h in vacuum over P 2 O 5 , and the dry weight was obtained using an analytical balance (BelEngineering, Via Venezia Giulia, Monza). Then, 0.5 M HCl was added to the tube in the proportion of 0.1 mL/ mg plaque dry weight. After extraction for 3 h at room temperature under constant agitation, the same volume of TISAB II (Total Ionic Strength Adjustor Buffer), pH 5.0 (containing 20 g NaOH/L), was added to the tube as a buffer. 17 The samples were centrifuged (12,000 g) for 3 min, and the supernatant was retained for determination of the acid-soluble F concentration. Fluoride determination was performed using an Orion 96-09 ion-selective electrode (Orion Research Inc., Boston, MA, USA) and an Orion EA-940 digital ion analyzer that were previously calibrated with various F standard solutions (0.025 to 2.00 μg F/mL). The readings were expressed in millivolts (mV) and were then transformed to μg F/mL through linear regression of the calibration curve. The results were expressed as μg F/mg of plaque dry weight.
Dietary Sugar Exposure Evaluation
Mothers and health agents of the preschoolers that took part in this study were asked to fill out a diet chart for three consecutive days during the work week, 22 at baseline and at follow-up. This chart included the times of day that the children ate and drank anything and the contents of all meals/snacks. The daily frequencies of total (solid + liquid) sugar and total (solid + liquid) sucrose exposure, solid sucrose, solid sugar exposure and liquid sucrose exposure were calculated using this chart by dividing the total number of sugar/sucrose exposure during the 3 days by the number of days. Whether the child slept with a baby bottle containing sweetened liquids was also recorded.
Statistics
The statistical analyses were performed using the Statistical Package for Social Science 13.0 (SPSS Inc., Chicago, IL, USA). The comparison between the two groups (CA x NC) at baseline and at follow-up was performed using the Mann-Whitney U-test. When the same groups were compared at different time points (baseline x follow-up), the Wilcoxon matched pairs signed ranks test was used. To assess the correlation between caries increment and sugar/sucrose consumption increment, the Spearman correlation was used. This test was also used to evaluate the correlation between the sugar/sucrose exposure, dental plaque presence and dental plaque F concentration at baseline with these same variables at follow-up. Logistic regression was also employed to individually identify risk factors for early childhood caries development. All analyses were conducted using a level of significance of 5% and a confidence interval of 95%.
Results
Children in the caries group exhibited a mean dmfs score of 8.0±4.9 at baseline and 10.4±4.9 at follow-up (incre-ment=2.4); ECL lesions were the most prevalent lesions. The means, medians and standard errors of dental plaque F concentration and sugar/sucrose consumption frequency in the solid, liquid and total forms are displayed in Table 1 . This table also shows the statistical differences (p<0.05) between groups regarding total sucrose, total sugar and liquid sucrose consumption at follow-up. Within the two groups, significant increases at follow-up were revealed for the following variables: NCsolid sugar and solid sucrose consumption; CAsolid sugar, solid sucrose, total sugar and total sucrose consumption. A significant decrease in dental plaque F concentration and liquid sucrose consumption was identified only in the NC group. No statistically significant differences were identified between the CA and NC groups regarding sugar/ sucrose consumption increments and plaque fluoride increments (Table 1) . Table 2 indicates a positive significant correlation between caries increment and liquid sucrose, total sugar and total sucrose consumption increments. The correlations among variables evaluated at baseline versus variables evaluated at follow-up are shown in Table 3 . This table also reveals that the solid sugar, solid sucrose and total sugar exposure at baseline were positively correlated with the presence of dental plaque at follow-up (p<0.05).
Finally, Table 4 shows that children with plaque F concentrations ≤0.1 μg/mg at baseline were more likely to develop caries in one year. This table also shows that sugar/sucrose exposure and the practice of sleeping with a baby bottle containing sugary liquids at baseline were not able to influence caries development in the studied population.
Discussion
Fluoride is a critical ion involved in the dynamics of deand remineralization of dental tissues. To our knowledge, for the first time, this study demonstrated longitudinally and in vivo that preschool children with plaque F concentrations lower than 0.1 μg/mg at baseline were 10 times more likely to develop caries lesions in primary teeth in a one-year follow-up period than those who had higher F concentrations (Table 4 ). One explanation for these findings could be that during a cariogenic challenge, fluoride present in dental plaque/plaque fluid will penetrate along with the acids to the subsurface, being adsorbed to the crystal protecting enamel surface from dissolution. 2 It is well known that, in the presence of F, there is a decrease in the dissolution of dental tissues. This is the case because even when the plaque/plaque fluid pH is under the critical value for hydroxyapatite, but not lower than pH 4.5, a certain amount of calcium and phosphate is recovered by enamel/dentin. Additionally, remineralization is favored when the pH rises, enhancing the redeposition of these ions on demineralized tissues. 4 Thus, the key point in the availability and maintenance of F in the oral cavity is to reduce the mineral potential of demineralization during acid attacks and to promote mineral transfer into the tooth following acid attacks. This main effect of how fluoride controls caries development occurs at the interface between the tooth surface and the adjacent dental plaque. 2 However, regarding dental plaque F concentrations at baseline or at follow-up, no statistically significant difference could be observed between the group that developed caries and the Notes: Logistic regression analysis; *Asterisks indicate statistical significance -p<0.05. The "daily exposure" was calculated by dividing the total number of sugar/sucrose exposure by the number of days (frequency). Abbrevaitions: n, frequency; %, percentage; CI, confidence interval.
group that did not. These findings are in line with studies by Bayrak, Okte and Fidanci 1 assessing primary and permanent dentitions and Pearce et al 23 assessing permanent dentition. However, they do not corroborate the results obtained by Gaugler and Bruton 6 (1982) and Dos Santos et al 17 Compared to the study of Dos Santos et al 17 the caries diagnosis criteria used in their study did not include ECL. Therefore, the caries index of their caries group might have been much higher than it appeared, which might have favored achieving a significant difference. Regarding the Gaugler and Bruton 6 (1982) study, the difference in the target population of the study could be a possible reason for the difference compared to this study, as their report involved adults. It is recognized that fluoride dentifrice/water can significantly increase fluoride concentration in saliva and biofilm. 24 This fluoride enhancement in the oral fluids can shift the balance from enamel demineralization to remineralization a very important issue in the present investigation. 2 Fluoride levels in biofilm/biofilm fluid and saliva are mutually interdependent and clearly remarkable in caries prediction. 16 Basically, the dental biofilm is composed of a solid (mainly microbial cells and insoluble extracellular polysaccharides) and a liquid phase (liquid fraction permeating cells and extracellular matrix). The biofilm fluid might reflect recent fluoride exposure 12 and is of great importance for the understanding of physical-chemical dynamics of the carious process, as a decrease in the ions concentrations, such as calcium, phosphate and fluoride determine the mineral tooth dissolution. 14 In addition, the biofilm solids could evidence an equilibrium due to constant and long-term exposure to different fluoride sources 12 and systemic fluoride recycling by saliva. In this respect, the study of Lima et al 12 did not find statistical difference in the fluoride concentration of the biofilm solid phase right after the intake of food prepared with fluoridated tap water in comparison with a control group. However, in the biofilm fluid, this difference was identified. Still, the findings of Larsen et al 9 revealed that an additional 1-h accumulation of fluoride in biofilm solids after a single rinse with 5000 and 1500 ppm fluoride was not different.
In the one-year follow-up period, although the F concentration in dental plaque decreased within groups, this study revealed that the solid sugar/sucrose exposure increased significantly in both groups ( Table 1 ). The group that did not develop caries exhibited a higher plaque F concentration at baseline, probably because caries active individuals might not fill their biofilm fluoride reservoirs during frequent cariogenic challenges. 3, 9, 32 The decrease in F concentration in CA as well as in the NC groups at follow-up may be related to the depletion of the inorganic pools by organic acids as a result of the pH decrease during sugar fermentation, which was a consequence of a higher frequency of sugar exposure. In fact, a 3.1 to 4.0 times higher frequency of solid sucrose exposure was observed from baseline to follow-up in both groups (Table 1 ). This decrease in fluoride concentration may also be related to possible changes in the structure of dental plaque that may be connected to several factors. Firstly, fluoride uptake by dental plaque fluid into enamel might be involved because, during pH falls, the biofilm fluid would be undersaturated relative to hydroxyapatite but would be still oversaturated relative to fluorapatite, which precipitates on the enamel. Secondly, the fluoride released bound to bacterial cells, which were depleted during the pH falls, might also be a factor. Thirdly, when the frequency of sucrose exposure is increased, a higher concentration of extracellular polysaccharides occupies a larger volume of dental plaque, thereby reducing the cell biomass and the ion-binding sites of bacteria. 18 Regarding sugar/sucrose consumption frequency the comparison between CA and NC groups revealed statistically significant differences with respect to total sugar exposure and to sucrose exposure in the total and liquid forms at follow-up (p<0.05, Table 1 ). This is in line with the positive and significant correlations between dmfs increment and liquid sucrose, total sucrose and the total sugar increments, which are shown in Table 2 . These results are also in accordance with studies by Grindefjord et al 7 and Law and Seow, 10 who also found an association between dental caries development in young children and sugar/sucrose consumption. Interestingly, the baseline conditions of sugar/sucrose exposure and the habit of sleeping with a baby bottle containing sweetened liquids were not able to predict caries development in our study (Table 4 ). These results were unexpected but emphasize the importance of evaluating a determined variable and its behavior for a certain period of time, as significant correlations of dmfs increments and some sugar/sucrose exposure increments (such as those described above) were identified. The fact that sleeping with a baby bottle was not able to predict caries in our study might be because the parent or responsible party could have included this item in the diet chart according to a prevailing social norm rather than reporting the factual situation, as they might want to adhere to what would be desirable for good oral health. 28 The oral hygiene conditions were also evaluated in this study by recording the presence or absence of dental plaque on the maxillary incisors. However, no association between dental caries development and the presence of dental plaque at baseline was identified in this study (Table 4 ). This finding is not in agreement with the cohort study by Leroy et al 11 , which used a different criterion for recording the visible dental plaque. These authors investigated plaque accumulation on teeth 52, 55, 72 and 75 in large numbers of preschoolers while, in our study, we recorded the presence or absence of clinically visible plaque on the maxillary incisors. Recognizing the role of dental plaque and sugar exposure in the caries process, especially in its initiation, a significant positive correlation was identified between solid sugar and sucrose exposure at baseline and the presence of dental plaque at follow-up (p<0.05, Table 3 ). The higher the sucrose consumption, the higher the concentration of insoluble extracellular polysaccharide in dental plaque, 17 which favors bacterial adherence to the tooth surface which in turn contributes to the structural integrity of dental biofilm. 18 Despite several positive aspects in the present in vivo study, some limitations should be pointed out. Plaque F concentration was only evaluated at baseline and after one year, with no intermediate analysis. This could have been a helpful information to explain F behavior during the follow-up period. Even though children had similar socio-economic and cultural patterns, as they lived in an optimally fluoridated tap water urban area, studied at public schools and used fluoridated toothpastes, it is known that many did not brush their teeth at home, but only once at school, under teacher's supervision. This could have led to difference in fluoride exposure. Regarding the classical dietary chart, mothers used not report exactly what their children eat and drink, but what is socially accepted; particularly considering that dentists would appraise it. The sporadic use of sugar-containing medications, which are cariogenic, was also not recorded. These aspects might have reduced the fidelity of sugar/sucrose exposure data. In addition, this is a preliminary study and further investigations including larger samples should be stimulated.
In summary, it should be highlighted that evaluating factors involved in caries development, especially in early childhood, can provide a better understanding of caries dynamics, which may favor the implementation of preventive measures for primary teeth. Moreover, the identification of children who are at risk is very relevant for caries prevention. The preventive measures for early childhood caries are important because this disease englobes serious consequences, such as high levels of pain and infection, can impact the quality of life and its prevalence is high/rising in many countries. 30 
Conclusion
In conclusion, this in vivo longitudinal study demonstrated that in the presence of high sugar exposure, low levels of fluoride in dental plaque increases the risk of developing early childhood caries.
